The development of the cardiac outflow tract (OFT), which connects the heart to the great 20 arteries, relies on a complex crosstalk between endothelial (ECs) and smooth muscle (SMCs) 21 cells. Defects in OFT development can lead to severe malformations, including aortic 22 aneurysms, which have often been associated with impaired TGF-β signaling. To further 23 investigate the role of TGF-β signaling in OFT formation, we generated zebrafish lacking the 24 type I TGF-β receptor Alk5 and found a strikingly specific dilation of the OFT. alk5 mutants 25 also exhibit increased EC numbers, extracellular matrix (ECM) and SMC disorganization. 26 Surprisingly, endothelial-specific alk5 overexpression in alk5 mutants rescues both 27 endothelial and SMC defects. Furthermore, modulation of the ECM gene fibulin-5, a TGF-β 28 target, partially restores OFT morphology and function. These findings reveal a new 29 requirement for endothelial TGF-β signaling in OFT morphogenesis and suggest an important 30 role for the endothelium in the etiology of aortic malformations.
Introduction 37
The cardiovascular system is essential to deliver blood to the entire organism. Within the 38 heart, however, the high pressure deriving from ventricular contractions needs to be buffered ventral aorta (VA) ( Figure S1L ). alk5 mutants fail to form this vessel, leading to two 141 independent connections from the OFT to the left and right aortic arches ( Figure S1M) . 142 Furthermore, we occasionally observed in mutant OFTs ruptures in the endothelial layer 143 ( Figure 1L , L'; Video S4), likely resulting from a leaky endothelium. Indeed, 10 minutes 144 after dextran injection into the circulation, 7 out of 11 mutant larvae displayed dextran 145 accumulation between the ECs and SMCs and in the interstitial space amongst SMCs, a 146 phenotype not observed in wild types (n=10; Figure 1M, N) . Remarkably, the cardiovascular 147 defects in alk5 mutant fish are restricted to the OFT and the VA, while all other vascular beds 148 appear morphologically unaffected. The diameter of the dorsal aorta (DA) appears unaffected 149 in alk5 mutants compared with wild-type siblings at 56 and 96 hpf ( Figure S1N ), and the 150 atrium, ventricle and atrioventricular valve appear correctly shaped at 78 hpf (Figure S1O, P).
151
Taken together, these results identify a previously unknown and specific requirement for Alk5 152 in OFT morphogenesis, structural integrity, and functionality.
154
Alk5 restricts EC proliferation in the cardiac outflow tract and promotes EC migration 155 towards the ventral aorta 156 Given the increased size of the mutant OFT, we asked whether this phenotype was wild-type OFTs (Figure 2C -E). This abnormal increase in the number of EdU + ECs in mutant 166 OFTs becomes even more pronounced at later stages (48-72 hpf; Figure 2F -H). 167 Along with proliferation, EC migration has been implicated in the patterning and formation of 168 blood vessels, such as in the case of the aortic arches (Rochon et al., 2016) . Therefore, we set 169 to investigate if the absence of the VA in alk5 mutants could be attributed to a defect in EC 170 migration. To assess EC migration in the absence of Alk5 activity, we performed 171 photoconversion of OFT ECs in control and Alk5 inhibitor-treated larvae. Treatment with 2.5 172 μM Alk5 inhibitor, starting at 36 hpf ( Figure S2A) , was found to cause increased OFT width to a lesser extent compared to control larvae ( Figure 2L ). To observe EC migration at high 184 resolution, we recorded time-lapse movies from 56 to 74 hpf following photoconversion 185 (Video S5, S6). While photoconverted cells in control larvae extended rostrally to form the 186 VA (Video S5), ECs with reduced Alk5 activity did not appear to move from their original 187 position in the OFT, resulting in the lack of VA formation (Video S6).
188
Altogether, these data indicate that Alk5 plays a role in restricting EC proliferation in the OFT 189 and promotes EC migration to form the ventral artery.
191
Alk5 promotes the formation and stability of the outflow tract wall, regulating SMC 192 proliferation and organization 193 During early larval stages, the OFT becomes covered by SMCs, which allow it to buffer the 194 high blood pressure caused by ventricular contractions. In order to visualize SMCs, we used 195 the Tg(pdgfrb:eGFP) line, which labels these cells before they differentiate into more mature 196 SMCs and start expressing established markers such as Acta2 (smooth muscle actin; Figure   197 3A-B'). We observed that the OFT endothelium in 75 hpf wild-type larvae is surrounded by 198 an average of 90 ± 2 pdgfrb + cells, organized in 2 to 3 compact layers with limited 199 extracellular space ( Figure 3A , A', C). In contrast, in alk5 mutants we observed a reduced 200 number of pdgfrb + SMCs (65 ± 2, -27%), wider extracellular space, and disorganized cell 201 layers around the OFT ( Figure 3B -C). The reduction in the total number of SMCs is likely 202 caused by a proliferation defect, as confirmed by EdU incorporation experiments performed at 203 early larval stages (-53%; 48-72 hpf, Figure 3D ). Furthermore, using TUNEL staining (data 204 not shown), we excluded SMC death by apoptosis.
205
In order to form a compact yet elastic wall, the SMCs are embedded within a specialized 206 extracellular matrix (ECM), which provides essential biomechanical support as well as 207 signaling cues to the SMCs (Raines, 2000) . To assess whether and how ECM structure and composition were affected in alk5 mutants, we analyzed the localization of Elastin2 (Eln2; 209 Figure 3E -G), a major ECM component in the OFT (Miao et al., 2007) . We observed that in 210 wild-type larvae 77.9% of SMCs were surrounded by a continuous layer of Eln2, while in 211 alk5 mutants only 33.1% were surrounded ( Figure 3G ). Moreover, in alk5 mutant OFTs Eln2 212 localizes in small disrupted clusters, compared to the bundle localization characteristic of 213 elastic fibers in wild types ( Figure 3E -F'').
214
Next, we used transmission electron microscopy (TEM) to investigate OFT ultrastructure 215 ( Figure 3H -K). Even in a low magnification view of the mutant OFTs, we could observe a 216 greatly widened extracellular space surrounding the SMCs ( Figure 3I ). At higher resolution, 217 we observed that the ECM in wild-type larvae consisted mainly of thin layers ( Figure 3J ), 218 while in alk5 mutants it consisted of broader electron-negative spaces ( Figure 3K ). Moreover,
219
SMCs in the external layer of the mutant OFTs exhibited cytoplasmic inclusions ( Figure 3K ), 220 such as electron-dense lysosomes (as confirmed by LysoTracker staining; Figure 3L The earliest phenotype in alk5 mutants is observed during the EC proliferation and migration 228 stages, thereby preceding the formation of the SMC wall. Therefore, to investigate Alk5 229 requirement in the endothelium, we generated a transgenic line overexpressing alk5b 230 specifically in ECs. We used the fli1a promoter to drive alk5b expression ( Figure 4A Occasionally, the restored cardiac function and blood flow allowed a few (10.2%, n=108) of 240 the alk5 rescued mutants to inflate their swim bladder and survive until 9 days post 241 fertilization (dpf) ( Figure S3E , F). However, despite the vascular rescue, the fish do not 242 survive to adulthood, presumably due to the lack of Alk5 signaling in other tissues, as 243 suggested by an altered morphology of the head ( Figure S3F ).
244
In order to characterize the EC-specific OFT rescue at a cellular level, we performed EdU 245 incorporation experiments and observed that the number of proliferating ECs was reduced in 246 transgenic alk5 mutant larvae compared to alk5 mutants not carrying the transgene ( Figure   247 4H). Remarkably, the overexpression of alk5b in the endothelium of alk5 mutant larvae also 248 restored the formation of the SMC wall ( Figure 4I -K). In fact, 75 hpf transgenic larvae 249 exhibited SMCs organized in multiple layers around the OFT ( Figure 4K ), and 70.8% (n=16) 7 of these cells were surrounded by uniform Eln2 immunostaining ( Figure S3G ), a percentage 251 similar to that observed in wild types (77,6%, n=12).
252
Overall, these data suggest that endothelial Alk5 signaling is sufficient to restore OFT 253 morphology and function, including SMC wall formation.
255
Alk5 signaling regulates ECM gene expression 256 We hypothesized that Alk5 is required in the OFT endothelium and that it controls an 257 expression program modulating the structural integrity of the OFT. To identify candidate 258 effector genes, we performed a transcriptomic analysis using manually extracted embryonic the embryonic OFT and aorta (Liu et al., 2019) . Thus, we first confirmed that fbln5 mRNA 278 levels were also decreased in zebrafish alk5 mutant hearts by RT-qPCR ( Figure S4E ) and, 279 next, we observed that fbln5 expression was indeed restricted to the OFT in both wild-type 280 and alk5 mutant larvae at 72 hpf ( Figure 5D , E). 281 fbln5 specific expression in the developing OFT and its downregulation in alk5 mutants 282 suggest a potential role downstream of TGF- signaling during OFT formation. Therefore, 283 we injected fbln5 mRNA in alk5 mutants and assessed the size of the OFT during ventricular 284 systole at 78 hpf ( Figure S4F ). Despite the transient effect of injected mRNA, the injection of 285 fbln5 mRNA partially rescued the size of the OFT in 15 out of 21 alk5 mutants, while it did 286 not have any effect in wild-type siblings ( Figure 5F ). Moreover, alk5 mutants injected with 287 fbln5 mRNA exhibited a percentage of EdU + ECs in early embryonic stages (16,0%; 24-36 288 hpf, Figure 5G ), which is comparable with wild types (15,6%). Additionally, fbln5 mRNA 289 injections into alk5 mutants led to a more organized Eln2 immunostaining around the OFT 290 SMCs compared to non-injected mutants (Figure 5H-J; S4G-I).
291
Overall, these data suggest a potential role for Fbln5 downstream of Alk5 signaling in OFT 292 morphogenesis, by modulating EC proliferation and elastin organization. , 2016; Zhang et al., 2016; Perrucci et al., 2017; Takeda et al., 2018) , overlooking its 308 function in the endothelium. In EC biology, Alk5 function has been mostly studied in vitro, 309 where it has been shown to maintain EC quiescence (Goumans et al., 2002; Goumans et al., 310 2003; Lebrin et al., 2004; van Meeteren and ten Dijke, 2012; Maring et al., 2016) . In the 311 zebrafish model, we confirmed a pivotal role for Alk5 in restricting EC proliferation in vivo. 312 We found that ECs lacking Alk5 function also exhibited impaired migration, possibly due to 313 the downregulation of alk1 (another type I TGF-receptor gene) and sema3d, which have 314 been previously implicated in EC migration (Hamm et al., 2016; Rochon et al., 2016) . 315 Moreover, time-lapse imaging combined with photoconversion experiments identified a 316 selected population of OFT ECs giving rise to the ventral aorta via a migration process, which 317 is impaired in alk5 mutants.
318
Importantly, the early EC defects together with the endothelial-specific rescue data suggest 319 that ECs are primarily responsible for the OFT phenotype. Remarkably, while in mouse, Alk5 320 expression appears to be enriched in the aortic SMCs (Seki et al., 2006) , a few studies have 321 suggested a pivotal role for TGF- in ECs (Sridurongrit et al., 2008; Bochenek et al., 2020) . 
Endothelium-smooth muscle interplay in the cardiac outflow tract and aorta
Surprisingly, we found that alk5 overexpression in ECs was sufficient to restore SMC wall 335 formation. Although these results do not resolve whether ECs are the only cell type in which 336 Alk5 is necessary for OFT morphogenesis, they suggest that the SMC phenotype could be a 337 secondary effect from the crucial cross-talk between these two cell types (Gaengel et al., 338 2009; Lilly, 2014; Stratman et al., 2017; Perbellini et al., 2018) . Supporting the importance of 339 this cross-talk, it has recently been described that pericyte-specific Alk5 deletion causes an 340 enlargement of brain capillaries in mice. In particular, ALK5 in pericytes interferes with 341 ECM degradation processes, leading to an EC hyperproliferation state (Dave et al., 2018) . Figure 5D ). FBLN5 has multiple reported functions, as assembling the elastic lamina the deregulation of FBLN5 has been associated with abdominal aortic aneurysms, but the 376 underlying mechanism is still unclear (Orriols et al., 2016) . By enhancing the levels of fbln5 377 in alk5 mutants, we were able to partially restore the OFT expansion and the Eln2 coverage of SMCs. Notably, the injection of fbln5 mRNA also rescued the EC hyperproliferation 379 phenotype of alk5 mutants at a stage preceding the formation of the SMC wall. These data 380 are consistent with FBLN5 reported role in restricting EC proliferation, likely acting via cell-381 to-matrix adhesion mechanisms. While we have not identified the exact cell type expressing 382 fbln5, it is important to note that multiple cells secrete ECM components during OFT 383 morphogenesis. Nevertheless, it is conceivable that ECs in the OFT could initiate the 384 generation of a local extracellular environment, the control of which is then taken over by 385 SMCs.
386
Given the prevalence of OFT-related cardiovascular diseases, there is a need for multiple 387 model systems that allow one to investigate the causes of these pathologies at the cellular and 388 molecular levels, and the zebrafish could complement the mouse in this regard. Furthermore, 389 the overlap of our transcriptomic data with the genes associated with aortic aneurysm 390 (Brownstein et al., 2017; Kim and Stansfield, 2017) , and the similarities between the 391 endothelial ruptures in alk5 mutants and those of human aortic dissection suggest that the 392 zebrafish could serve as a valuable model for aneurysm research.
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